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a b s t r a c t

Temperature effect on hydrothermal liquefaction (HTL) of Nannochloropsis gaditana and Chlorella sp. was
investigated with 10% biomass loading at HTL temperatures of 180–330 �C, and reaction time of 30 min.
Maximum yields of 47.5% for Nannochloropsis sp. and 32.5% biocrude oil yields for Chlorella sp. were
obtained at 300 �C. The higher heating values of biocrude oils produced in this work ranged between
34 and 39 MJ/kg. 79% of energy in the Nannochloropsis sp. was recovered at 300 �C and 62% of energy
recovery from Chlorella sp. was achieved at 200 �C. Valuable nutrients (NH3–N and PO4

3�) produced during
the HTL process were quantified from the aqueous phase for both strains of biomass. The aqueous phase
samples obtained at all temperatures were also analyzed for amino acids and carbohydrates. The suitable
temperatures for extraction of lipids, amino acids and carbohydrates have been identified. Sequential HTL
experiments conducted have shown the prospect of recovering nutrients and other valuable byproducts
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Nutrients
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along with biocrude oil. The experimental results and analysis indicate that sustainable biofuel produc-
tion requires the development of strain based strategies for the hydrothermal liquefaction process.

� 2016 Published by Elsevier Ltd.
1. Introduction

Algae have received much attention as a source of renewable
energy since 1970s due to depleting fossil fuel sources, unstable
global energy markets and environmental issues. The previous
generations of biofuels used food crops as feedstock, may not be
sustainable and could impose new socio-economic problems in
many developing and under developed countries [1]. The algae
have highest photosynthesis efficiency compared to other energy
plants [2], which grows much faster and produces more biomass.
Algae could also be cultivated in wastewater [3,4] to recover valu-
able nutrients and to clean various kinds of waste water. Algae are
being used as a source of various bio-products like proteins, x-3
fatty acids, and carbohydrates along with lipids as a feedstock for
biofuels [5,6].

In spite of havingmany advantages over thefirst twogenerations
of biofuels, commercialization of algal biofuels has not yet been
achieved due to a few technical and energy drawbacks. Cultivation
and oil extraction of algal biomass have been identified as hurdles
for large scale algal biofuel production. Recently, many researchers
identifiedhydrothermal liquefaction as a possiblemethod to extract
biocrude oils fromalgal biomass. Hydrothermal liquefaction’smajor
advantage is the elimination of the drying step completely, which
provides several options to extract different compounds/products
from algal biomass and whole algae liquefaction [7]. Based on the
processing conditions, these processes can be divided as hydrother-
mal carbonization (150–250 �C and less than 20 bar) [8], hydrother-
mal extraction and liquefaction (200–350 �C and 40–200 bar), and
hydrothermal gasification (above 350 �C and 200 bar) [9,10].
Water’s dielectric constant decreases drastically after 200 �C with
an increase in temperatureunder pressure giving it greater solvating
properties. Density also decreases slowly up to the critical pressure
point and then drops sharply after the critical pressure. At this point,
the water medium attains gas like densities and liquid like solvent
properties. The tendency of providing H+ or OH� ions, the ion pro-
duct (Kw) of water, is another important property in performing acid
or base catalyzed reactionswithout any external catalyst depending
on temperature and pressure of the water [7,9,11].

Some researchers utilized these properties for selective extrac-
tion of desired compounds and for various applications at different
processing conditions. Kim et al. [12] extracted nutraceutical com-
pounds from citrus pomaces and Ibanez et al., performed extrac-
tion of antioxidant compounds from rosemary plants [13]. The
selective extraction of lipids from Nannochloropsis salina wet algal
biomass using the subcritical water extraction method was
demonstrated by Reddy et al. The optimum conditions (220 �C
and 20 min) for extraction of oil/lipids were determined and under
these conditions valuable polyunsaturated fatty acids were pre-
served in algal oil [14]. Some other researchers performed whole
algae liquefaction at higher temperatures than the previous work
to produce more biocrude oil instead of lipids. Hydrothermal lique-
faction of algal biomass was demonstrated by Vardon et al. [15]
with Scenedesmus (raw and defatted), and Spirulina strains of bio-
mass; by Reddy et al., with Chlorella sorokiniana and Dunaliella
tertiolecta [16] at 300 �C. Valdez et al., studied the hydrothermal
liquefaction of Nannochloropsis sp. from 250 �C to 400 �C and ana-
lyzed each product fraction after liquefaction along with perform-
ing energy studies [17]. Influence of external catalyst in the HTL
process have shown little or no effect on biocrude oil yield. Among
several acid and base catalysts, only Na2CO3 was able to produce
more biocrude yields than the normal HTL media [18,19]. A life
cycle analysis on HTL of algal biomass reported that better energy
return on investment (EROI) and less emissions could be achieved,
when compared to cellulosic ethanol production [20]. The bio jet
fuel produced from algal biomass cultivated in waste water treat-
ment plant could reduce the greenhouse gas emissions by 38–76%
than conventional jet fuel [21]. Recent studies on HTL of algal bio-
mass also showed that the nutrients supplied could be recovered in
the water phase after reaction and could be used to cultivate algal
biomass with necessary dilutions. Residual water recovered from
HTL of Chlorella vulgaris, Scenedesmus dimorphus, Spirulina platensis,
and Chlorogloeopsis fritschii was used for cultivation at different
dilutions. Near equal or increased growth was observed with resid-
ual water of S. platensis and C. fritschii species at 400 times dilution.
For C. vulgaris, the best growth was achieved with 100 times dilu-
tion [22]. Most of the HTL studies on algal biomass have concen-
trated only on biocrude oil production and performed only at a
single or few temperatures. In order to identify a strategy for pro-
ducing sustainable algal biofuels or algal biorefinery, in this work
we studied hydrothermal liquefaction patterns of two species of
algal biomass. Nannochloropsis gaditana and Chlorella sp. biomasses
at 10% biomass loading were processed from 180 �C to 330 �C for a
reaction time of 30 min. A sequential HTL run was conducted with
the bio-char produced at 225 �C to demonstrate the separation of
valuable compounds and lipids. Selective ranges of temperatures
for the recovery of lipids, amino acids, carbohydrates and nutrients
have been identified. Along with biocrude oil, bio-char and water
soluble compounds were also quantified and analyzed after HTL
processing. The nutrients presented in HTL residual water were
also quantified. Based on the HHVs of biocrude oil and bio-char,
the energy recovery calculations were performed.

2. Experimental section

2.1. Materials

The N. gaditana (CCMP – 1775) culture used in this study was
obtained from the Provasoli-Guillard National Center for Culture
of Marine Phytoplankton (CCMP). The Nannochloropsis sp. was
grown in the f/2 growth medium, modified to contain 5 mM NO3

�

and 0.287 mM PO4
3� at a salinity of 20 g L�1 in a 4000 L outdoor

Solix photo bioreactor. The algae was grown with 0.8% CO2 enrich-
ment and maintained at 25 �C with ambient outdoor lighting. The
Chlorella sp. (DOE 1412) culture used in this study was identified
by J. Polle (Brooklyn University, N.Y). Chlorella sp. was grown in
BG11 growth medium in a 4000 L outdoor Solix photobioreactor.
The alga was grown with 0.8% CO2 enrichment and at 25 �C and
ambient lighting conditions. The algal cultures were harvested
using a high speed continuous centrifuge at 18,000 rpm and were
stored at 4 �C until used in the analysis and HTL experiments.
The biochemical compositions of both strains of biomass are given
in Table 1. The solvent used in this study was Dichloromethane
(DCM) and of analytical grade (Pharmco-aaper).

2.2. Instruments

A PARR 4593 stainless steel bench top reactor accompanied by a
4843 controller unit manufactured by Parr Instrument Company



Table 1
Biochemical properties of algal biomass.

Nannochloropsis sp. Chlorella sp.

Water content (%) 79.6 74
Ash content (%) 7.0 2.50
Lipid content (%) 21.76 10.7
Crude protein (%) 14.26 44.62
Crude carbohydrate (%) 56.97 42.88
HHV (MJ/kg) 25.0 24.3
pH of supernatant water 7.0 7.3
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(Moline, Illinois, USA) was used for conducting hydrothermal
extraction and liquefaction experiments. A high pressure reactor
manufactured by Supercritical fluid technologies, Inc; (Newark,
Delaware, USA) was also used to perform the reaction at 330 �C.
Both reactors are equipped with pressure gauges to monitor pres-
sure. A Hewlett Packard 5890 gas chromatograph with a 5972a
mass selective detector equipped with a capillary column DB-23,
30 m � .25 mm diam. � .25 lm film was used for fatty acid methyl
ester analysis of biocrude oil. The Leco Pegasus High Throughput
Time of Flight Mass Spectrometer (HT TOFMS) with a CTC Combi-
PAL autosampler was used for qualitative analysis of biocrude oils.
Compositional analysis of biocrude oils was performed with a
hybrid linear ion trap 7 T FT-ICR mass spectrometer (LTQ FT,
Thermo, San Jose, CA) equipped with an Advion Triversa NanoMate
(Advion, Ithaca, NY). Thermo gravimetric analysis (TGA) of wet
algal biomass was performed using a Perkin Elmer Pyris 1 TGA
(Perkin Elmer Inc., USA) instrument. The inorganic nutrients were
measured using HACH DR6000 spectrophotometer (HACH, Color-
ado, USA).

2.3. FAME (GC–MS) and HTTOF-MS analysis of biocrude oils

Base catalyzed FAME (fatty acid methyl esters) analysis was
performed by direct methylation of dry tissue of biomass and bio-
crude oils according to [14]. The acid catalyzed FAME analysis was
performed with the same experimental procedure by using 0.4%
H2SO4 and deionized water instead of NaOH and glacial acetic acid
in base catalyzed FAME. In HTTOF MS, the biocrude oil samples
were incubated for 5 min at 45 �C, and samples were extracted
for 5 min with a desorb time of 10 min for qualitative analysis. A
ZB-5ms column (30 m � .25 mm I.D. � .25 lm film thickness)
was used with helium as the carrier gas at a constant flow rate
of 0.6 mL/min. The inlet temperature was constant at 225 �C and
the transfer line was 275 �C. The oven ramp started at 35 �C and
held for 4 min, then ramped at 5 �C per minute to 110 �C with no
hold, then ramped at 7 �C per minute to 280 �C and held for
0.5 min for a total run time of 43.78 min.

2.4. Compositional analysis of biocrude oils by FT-ICR MS

Biocrude oil samples obtained from HTL runs were analyzed by
direct infusion electrospray ionization Fourier Transform Ion
Cyclotron Resonance mass spectrometry (ESI FT-ICR MS). HTL
bio-oil stock mixtures for both algal strains at each reaction tem-
perature were prepared by dissolving the oil in 1:1 chloroform:
methanol to a concentration of 1 mg/mL. Each stock mixture was
further diluted to 0.5 mg/mL in an electrospray ionization solution
of 1:2:4 chloroform:methanol:2-propanol containing either 0.1%
formic acid or 0.1% ammonium hydroxide in positive- and
negative-ion modes, respectively [23]. All solvents were high-
performance liquid chromatography (HPLC)-grade and purchased
from Sigma–Aldrich (St. Louis, MO). The final diluted samples were
centrifuged to remove any suspended particulate matter and
FT-ICR mass spectrometry was performed for all oil samples as
previously described [24]. Data was collected at a mass resolving
power of m/Dm50% = 400,000 (m/z 400) and a total of 500 and
400 time-domain transients were co-added for each sample in
positive- and negative-ion mode, respectively prior to fast Fourier
transformation and frequency to m/z conversion. Mass spectra
were internally calibrated and elemental compositions were
assigned to the observed ions in each mass spectrum. A variety
of non-lipid constituent molecules of HTL biocrude oil were identi-
fied by their heteroatom class. Residual lipids in the oil were
identified by matching the assigned elemental compositions to
an in-house assembled lipid database derived from Lipid Maps
(Nature, Lipidomics Gateway) as previously described [25].

2.5. Amino acids quantification and carbohydrate profiling

Amino acids were separated from the aqueous HTL fraction by
strong cation exchange on a Supel Select SCX SPE 30 mg/1.0 mL
SPE Tube (Supleco, Bellefonte, PA). The SPE columns were condi-
tioned with two volumes of 0.1 N HCl. A 2.0 mL aliquot of the aque-
ous fraction was acidified (to 0.1 N HCl) by the addition of 34 lL of
6.0 N HCl and then passed through the SPE column. The column
was washed with two volumes of 0.1 N HCl and the bound amino
acids were eluted with two volumes of NH4OH. A total of 200 lL of
2.5 mM norleucine solution was added as an internal standard to
the eluted extracts before they were completely dried in glass vials
by a speedvac (Eppendorf, Hauppauge, NY). The dried residue was
resuspended in 100 lL of pyridine and subsequently derivatized by
the addition of 100 lL N-tert-butyldimethylsilyl-N-methyltrifluor
oacetamide (MTBSTFA; Sigma, St. Louis, MO) and incubated at
110 �C for 1 h. The resulting silylated derivatives were chro-
matographed on a Varian 3800 GC coupled to a Saturn 2000R scan-
ning from 40 to 450m/z with a 12 min filament delay. Samples
were injected by splitless injection, and the MS temperatures were
set as follows: inlet and transfer line were held at 250 �C, trap
150 �C, manifold 35 �C. Separation was achieved with a tempera-
ture program of 80 �C for 2 min, then ramped at 4 �C min�1 to
250 �C on a 30 m ZB-5 column 0.25 mm ID, 0.25 lm film thickness
(Phenomenex, Torrance, CA) at a constant flow of 1.0 mL min�1.
Internal standard quantification was performed by relative
response factors of Norleucine to amino acid mix cat # A6407
(Sigma, St. Louis, MO).

The carbohydrate profiling of the aqueous HTL fraction was
adapted from the method described by Broeckling et al. (2005)
using 0.2 mL of evaporated aqueous residue [26]. All samples were
analyzed using a Varian 3800 GC coupled to a Saturn 2000R scan-
ning from 45 to 550m/z with a 10 min filament delay. Samples
were injected at a 20:1 split ratio, and the MS temperatures were
set as follows: inlet and transfer line were held at 250 �C, trap
150 �C, manifold 35 �C. Separation was achieved with a tempera-
ture program of 70 �C for 1 min, then ramped at 3 �C min�1 to
330 �C on a 30 m ZB-5 column 0.25 mm ID, 0.25 lm film thickness
(Phenomenex, Torrance, Ca) at a constant flow of 1.0 mL min�1.
The resulting peaks were identified by matching to the NIST mass
spectral database.

2.6. Experimental procedures

Biomass with 10% biomass loading (w/v) was prepared by add-
ing the proper amount of supernatant water collected after har-
vesting. 50 mL of this slurry was fed to the reactor, and nitrogen
was purged three times to dispose of any air in the reactor. 200
psi of initial pressure was maintained to control the rapid boiling
of water. Subsequently, the reactor was heated according to the
experimental plan by using the controller unit and held for
30 min, and the pressure was recorded at target temperature.
The recorded pressures at each experimental run were presented



Fig. 1. Product yields of Nannochloropsis sp. and Chlorella sp. at different temper-
atures of HTL.
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in supplementary information Table S5. The reactor was cooled
down to room temperature by means of an external fan before
adding 30 mL of Dichloromethane (DCM) to separate biocrude oil
from the product mixture. The DCM mixture was transferred to a
separation funnel through a filter paper and allowed to stand for
15 min for phase separation. The collected bio-char was separated,
dried and quantified for the material and energy calculations. The
denser DCM phase, which includes biocrude oil, settled at the bot-
tom and the residual water comprised the less dense upper phase.
HTL product was recovered from the separated DCM phase by a
rotary evaporator to yield biocrude oil (B.C.O) at 65 �C under vac-
uum (94–96% recovery). Weight of the biocrude oil was noted care-
fully, and each experimental run was performed three times. The
weight of water soluble compounds (W.S.C) was also measured
gravimetrically. Biocrude oil samples and residual water samples
were stored at �5 �C for further analysis. Yields of biocrude oil,
bio-char (B.Ch), and water soluble compounds were calculated
based on the following equations. The remaining mass fraction
was considered as gaseous products.

Biocrude oil yield ð%Þ ¼ weight of biocrude oil
dry weight of biomass

� 100

Bio-char yield ð%Þ ¼ weight of bio-char
dry weight of biomass

� 100

Yield of W:S:C ð%Þ ¼ weight of W:S:C
dry weight of biomass

� 100

The high heating values (H.H.V) of biocrude oil, and bio-char
were determined with a micro bomb calorimeter. These deter-
mined H.H.V numbers were used to calculate energy recovery cal-
culations. Energy recovery and consumption ratios were calculated
based on the following equations on dry weight basis.

Energy recovery%ðERÞ

¼ðWt: of B:C:O�HHVof B:C:OÞþðWt: of B:Ch�HHVof B:ChÞ
ðWt: of algal biomass�HHVof algal biomassÞ �100

Energy consumption ratio ðECRÞ¼Energy consumed forHTLprocess
Energy available in biocrudeoil

Energy available in biocrude oil ¼ Wt: of biocrude oil

� HHV of biocrude oil

The amount of energy consumed in the HTL process was calcu-
lated using 1.31 kJ/kg K as specific heat for algal biomass [27]. The
energy recovery from HTL process was taken as 50% though heat
recovery and the ECR was calculated with and without heat
recovery.

3. Results and discussion

3.1. Influence of temperature on HTL products

Major product fractions identified during this work were bio-
crude oil, water soluble compounds (W.S.C), bio-char or solid resi-
due and gaseous product (calculated by difference with losses
during experiments). Yields of the above mentioned products
obtained from hydrothermal processing of both Nannochloropsis
sp. and Chlorella sp. are presented in Fig. 1 on the dry weight basis.
Increase in temperature improved the biocrude oil yield for both
strains of biomass, but followed a different pattern. In the case of
Nannochloropsis sp., yield of biocrude oil was increased from
16.85% at 180 �C and stabilized at 25% between 225 �C and
250 �C. A slight increase of biocrude oil yield was observed at
275 �C than the previous temperature, but at 300 �C drastic
increase in yield was achieved recording 47.5%. Further increase
in temperature resulted in reduction of biocrude oil yield due to
higher gasification. Larger amounts of gases were formed above
275 �C, where 31% of the biomass was converted to gaseous pro-
duct at 330 �C due to rapid gasification.

Reaction temperature is the major influencing factor that affects
the production of biocrude oil and its properties, and varies the
polarity of the water [7,28]. A similar pattern of biocrude oil yield
was observed from the Chlorella sp., but the amount of biocrude oil
produced was low over the range of all temperatures when com-
pared to Nannochloropsis biomass. This difference can primarily
be attributed to the lower lipid content of the biomass. Despite
having lower lipids, a maximum of 32.54% of yield was achieved
at 300 �C and a further increase in temperature slightly reduced
the yield. Interestingly, more gaseous product was observed from
180 �C and above for Chlorella sp. biomass. 15.5% of gaseous pro-
duct was observed at 180 �C and reached a maximum of 52.24%
at 330 �C. In the case of both strains more biocrude oil was gener-
ated due to an increase in temperature, where the ionic product
(Kw = [H+][OH�]) of water increases. Higher ionic product of water
provides more H+ and OH� ions, which drives the hydrothermal
cleavage of biochemical compounds present in the biomass into
smaller compounds. Hydrothermal liquefaction of N. salina and S.
platensis reported much higher biocrude production than their
original lipid content. 47% of biocrude oil yields for Nannochloropsis
sp. at 350 �C and 38% for Spirulina sp. at 310 �C were reported [29].
Depending upon reaction conditions, condensation and repolymer-
ization reactions influence the formation of biocrude oil [7,30].

As shown in Fig. 1, water soluble compounds (W.S.C) were
observed to form beginning from lower temperatures with
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Nannochloropsis sp. and Chlorella sp. In the case of Nannochloropsis
sp., the amount of W.S.C was increased up to 250 �C, where a max-
imum of 27% W.S.C were observed. Further increase in tempera-
ture caused repolymerization of these water soluble compounds,
which might have been converted to either biocrude oil or gaseous
products. In the case of Chlorella sp., W.S.C’s were increased up to
225 �C, where a maximum of 24.06% were recovered. Further
increase in temperature caused repolymerization or condensation
of these compounds into biocrude oil or gaseous phase. Their
weight fraction was drastically reduced at higher temperatures.
The yield of W.S.Cs reached 3.85% for Chlorella sp. and 10.50% for
Nannochloropsis sp. at 330 �C. High amounts of ash content present
in the biomass may also have contributed to this high W.S.C. in the
case of Nannochloropsis sp. Water soluble compounds produced at
lower temperatures from proteins and carbohydrate compounds
were repolymerized at higher temperature, which also contributed
to the increase in yield of biocrude oil and this trend was observed
with both strains of biomass. A similar pattern was previously
reported, where conversion of water soluble compounds into bio-
oil at higher temperatures was observed [31,32].

The subsequent important product is bio-char, which decreased
from 62% at 180 �C to 16.5% at 330 �C for Nannochloropsis sp. At 300
and 330 �C, drastic reductions in mass of bio-char were observed
due to disintegration of algae cells and conversion of metabolites
into biocrude oil and gaseous products. Trends of bio-char yield
of Chlorella sp., were also similar to the former strains trends,
and major weight reductions occurred between 200 and 250 �C.
Yield of bio-char is reduced from 55.2% to 13.35% at 330 �C. In this
study, we identified bio-char as one of the crucial products which
improves the overall energetics of the process and provides options
for other applications. Along with changes in weight fractions of
bio-char, its heating values were also varied. This indicates the
extraction and liquefaction of biochemical compounds present in
the algal biomass. Yu et al., have reported that bio-char or solid
residue yield was decreased with an increase in temperature. A
rapid reduction in bio-char was observed between 0 and 30 min
and compared to a slow decrease from 30 to 120 min, as most of
the compounds converted into bio-oil or into other phases [33].

3.2. Analysis of biocrude oils

The biocrude oils were analyzed thoroughly for their chemical,
thermal properties and calorific value over the range of all temper-
atures. The primary constituents of the biocrude oil at a lower tem-
perature were lipids and their contribution to the yield of biocrude
oil was different in both strains of biomass. In the case of Nan-
nochloropsis sp., the amount of lipids presented in the biocrude
oil increased with temperature up to 300 �C. But a greater variation
in their chemical form was observed, as a majority of the lipids
were converted into free fatty acids (FFA) from 225 �C and
upwards. This was due to hydrolysis of lipids above 200 �C, and for-
mation of FFAs is shown in Fig. 2. Up to 275 �C, half or more than
50% of the biocrude oil was formed by lipids. At 300 �C, 43.5% of
the biocrude oil was from lipids and it was �84% of the total lipid
content of the biomass. At lower temperatures membrane con-
stituents like phytol, 2-phytene, minor quantities of alkanes, nitro-
gen containing amides and many other minute compounds were
observed in the remaining portion of biocrude oil. The high
throughput mass spectrometer detected as low as 180 compounds
at lowest temperature to 1300 compounds at highest temperature.
At higher temperatures the larger compounds like proteins, lipids,
and cellulosic compounds defragmented to form smaller com-
pounds. Due to wide variety of possible reactions (hydrolysis,
dehydration, decarboxylation, deamination, repolymerization, iso-
merization, etc.) in the hydrothermal liquefaction process, differ-
ent classes of N, O, and S containing compounds were formed at
increasing temperatures. These compounds were observed in both
FT-ICR MS and HT TOF MS analyses.

Above 225 �C, most of the membrane associated compounds
started degrading and disappeared completely at higher tempera-
tures. As temperatures increased above 250 �C, the contribution of
lipids to biocrude oils decreased primarily due to contribution
from other biochemical compounds like proteins and carbohy-
drates. This phenomenon was also confirmed by the FT-ICR MS
analysis.

For the positive-ion mode, distribution of non-lipid compounds
(N1–3 O1–3) in the biocrude oils and their variation in the abun-
dance with reaction temperature are very similar for both algal
strains. Primary lipids observed for N. gaditana low-temperature
(<250 �C) oil in the positive-ion ESI FT-ICR MS are acylglycerols.
Major compounds observed in the negative ion mode include free
fatty acids regardless of reaction temperature. A more detailed
description of the compositional analysis of the biocrude oils has
been reported by Sudasinghe et al. [24].

Unlike the biocrude oil produced from Nannochloropsis sp., bio-
crude oil produced from Chlorella sp., has shown different chemical
properties and this difference can be attributed to their respective
biochemical composition. A maximum of 43% of the lipids was
observed at 200 �C in biocrude, which was the highest contribution
of lipids to biocrude over the range of temperatures. Hydrolysis
was observed right from 180 �C and reached highest at 200 �C,
where 76% of the lipids extracted were in the form of FFA. Interest-
ingly, as shown in Fig. 2 these FFA compounds started degrading
above 200 �C. The membrane alcohols like phytol, isophytol, and
other minor compounds were detected below 225 �C, and most
of these compounds were degraded above 225 �C and formed dif-
ferent compounds similar to the previous case. The difference in
hydrolysis of lipids in both these strains could be due to a higher
proportion of unsaturated fatty acids present in Chlorella sp., which
are very sensitive to high temperatures. In both cases of biomass
65–70% of the neutral lipids were extracted at 225 �C into the bio-
crude oil. Positive-ion ESI FT-ICR MS analysis indicates that low
temperature (<225 �C) Chlorella sp. biocrude oil is primarily com-
prised of betaine lipids. Similar to N. gaditana, acidic compounds
observed for Chlorella sp. oil in the negative ion mode are domi-
nated by free fatty acids for all reaction temperatures.

In both cases of biomass many valuable compounds have been
extracted into biocrude oil, providing a possible commercial appli-
cation of hydrothermal extraction. Biocrude oil produced from
Nannochloropsis sp., at lower temperatures (225 �C) preserved
valuable polyunsaturated fatty acids. They are Arachidonic acid
(C20:4n6–4% of lipids), Eicosapentaenoic acid (C20: 5n3–3% lipids),
and membrane alcohols like phytol (3% based on peak area-not
quantified). Chlorella sp., has more membrane compounds than
the previous strain, they are isophytol (16.28%), and phytol (7.5%)
based on peak area (not quantified) at 200 �C, which also have
commercial value. Compound identity is confirmed by fragment
ion mass spectra provided by electron impaction ionization. These
compounds are also thermo labile, which were degraded from
225 �C and above.

As shown in Fig. S1, the TGA curves of biocrude oils shows
increasing presence of volatile compounds with increasing HTL
processing temperatures. The biocrude oils produced from Nan-
nochloropsis sp., have showed this phenomenon. The biocrude oils
produced with Chlorella sp., have minor differences in their TGA
curves, and this is due to less lipids or contribution of protein based
compounds than Nannochloropsis sp. The biocrude oil produced at
the maximum yield point (300 �C) has showed the same thermal
behavior. When compared to distillation curve of Ural crude oil
[34], the distillation curves of the biocrude oils produced at
300 �C are very near to distillation curve of diesel (shown in
Fig. S2). This shows that the biocrude oils produced from algal



Fig. 2. FAME analysis of biocrude oils derived from Nannochloropsis sp. and Chlorella sp.

Fig. 3. (a) Nitrogen recovery from HTL water fractions, and (b) PO4
3� recovery from

HTL water fractions.
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biomass could be used as feedstock to produce transportation fuels
with necessary denitrification and deoxygenation prior to the
refining.

3.3. Analysis of water soluble compounds

Water soluble compounds are valuable products after biocrude
oils, as they consists valuable nutrients, byproducts like amino
acids and carbohydrates. The residual water was analyzed in two
phases, one for quantification of nutrients and the other for water
soluble organic compounds.

HTL water samples were analyzed for ammoniacal nitrogen
(NH3–N) and phosphate (PO4

3�) according to Selvaratnam et al.
[35]. In both cases of biomass, the ammoniacal nitrogen recovery
was detected at different concentrations at each temperature. In
both cases, the total nitrogen (TN) increased slightly at lower tem-
peratures up to 250 �C and stabilized at higher temperatures. Total
nitrogen quantities varied greatly for both strains due to their bio-
chemical composition. The highest total nitrogen detected was
5808 ppm at 250 �C for Chlorella sp., and 1761 ppm for Nan-
nochloropsis sp. at 225 �C. For both strains of biomass, the amount
of NH3–N increased with an increase in processing temperature
and was found to be highest at 300 �C. The highest being
820 ppm with Nannochloropsis sp. and 2475 ppm of NH3–N with
chlorella biomass were obtained (Fig. 3a). Proteins present in the
biomass decompose into water soluble amino acids and ammonia
[17], and the concentration of these compounds varied with pro-
cessing temperature. Ammonium was formed by deamination of
amino acids, which are produced due to hydrolysis of proteins
[22]. The difference in TN and NH3–N for both cases of biomass
at the same temperature was due to variation in biochemical com-
position and less protein content in Nannochloropsis sp. A larger
contribution of proteins to the biocrude oil with the chlorella bio-
mass is observed, also contributed to more TN and NH3–N in water
phase. Another valuable nutrient quantified was phosphate (PO4

3�).
As shown in Fig. 3b, in both cases of biomass the amount of phos-
phate increased with increase in temperature up to 200 �C then
decreased as temperature increased above 200 �C. The highest
phosphate concentration of 280 ppm with Nannochloropsis sp.
and 26 ppm with Chlorella sp. at 200 �C were found. Anyhow for
the recycling of these nutrients, analysis of organic compounds
also needed to be conducted as phenolic compounds present in
the water may inhibit the growth of algal biomass. After appropri-
ate dilutions of the water fraction, it was used successfully to grow
algal biomass [22]. HTL aqueous phase was analyzed as a source of
recyclable soluble organic compounds. The amino acids are one of
the valuable compounds being produced due to hydrolysis of pro-
tein at lower temperatures. In Tables S1 and S2, most abundant
and quantified amino acids are presented. The highest concentra-
tions of amino acids at 1.9 and 1.92 nmol/mL were observed for
Nannochloropsis sp. and Chlorella sp. respectively at 200 �C. The
mol% of simple amino acid glycine was increased with ascending
processing temperatures as the remaining amino acids were
degraded continuously with the increasing temperatures. This
degradation of amino acids with increasing temperatures may
have contributed to the increase of NH3–N at higher temperatures.
The deamination and decarboxylation reactions cause the degrada-
tion of amino acids forming pyrolyzed compounds and gaseous
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compounds at higher temperatures [36]. These results also suggest
the need to track peptides which are intermediate compounds
between proteins and amino acids, which will provide more under-
standing of protein behavior in the complex HTL reaction medium.

Along with amino acid analysis, exploratory runs were con-
ducted to detect the presence of carbohydrates and other com-
pounds. This analysis revealed the presence of large amounts of
sugars (including mono, di and polysaccharides), sugar alcohols,
glycerol and nitrogen containing compounds. A ratio of the abun-
dance of the compounds at the higher temperature and lowest
temperature (180 �C) indicates that each compound exhibits inde-
pendent behavior with increasing temperature (shown in Tables S3
and S4). Both strains of biomass have only a few common and far
more different compounds due to their biochemical composition.
But interestingly both strains of biomass have compounds like sug-
ars (glucose, melezitose, galactose), sugar alcohols (mannitol,
galactitol, sorbitol) and many unidentified carbohydrates. In both
cases highest concentrations of these carbohydrates were found
at 250 �C and below (Fig. 4). As discussed in the biocrude oil anal-
ysis section, due to hydrolysis of lipids abundance of glycerol
started increasing with increasing temperature up to 300 �C and
started degrading above 300 �C. The above mentioned sugar alco-
hols have commercial pharmaceutical applications and needed to
be quantified. The original GC–MS spectra have identified 180–
200 compounds, but with very low abundance. For quantification
of the highly abundant and valuable compounds separate quantifi-
cation methods have to be used for the individual class of
compounds.

3.4. Higher heating values (HHV) and energy recovery

The higher heating values (HHV) of biocrude oils and bio-char
were determined with a micro-bomb calorimeter. Results of the
HHV of biocrude oils and bio-char are presented in Table 2. Higher
values of HHV were observed for biocrude oils produced at lower
temperatures. In the case of Nannochloropsis sp., HHVs of biocrude
oils started decreasing at 250 �C and continued decreasing as tem-
perature increased, reaching a minimum at 300 �C. This reducing
behavior could be attributed to the presence of more nitrogenous
compounds with increase in temperature above 250 �C as observed
in FT-ICR, HT TOFMS analysis. Further increase in temperature
increased the energy content again, due to deoxygenation of bio-
crude oils. Similar observation was reported by Valdez et al., where
reduction in oxygen content improved the HHV of the biocrude oil
[17]. A similar trend of HHV variation was observed with Chlorella
sp., where higher HHVs were observed when compared to biocrude
oils produced at high temperature. When compared to HHVs of
biocrude oils produced with Nannochloropsis sp., the HHVs of bio-
Fig. 4. Water soluble organic compounds (a)
crude oils produced with Chlorella sp. were slightly lower due to
the presence of nitrogenous compounds from the 180 �C. As tem-
perature increased above 275 �C, the HHV of the biocrude oils
was increased due to deoxygenation at high temperatures. Alba
et al., also have observed similar behavior of increase in nitrogen
and decrease in oxygen content in biocrude oils, which influences
the HHV of the biocrude oils [32]. The bio-char recovered after liq-
uefaction also has considerable energy value associated with it. In
both cases of biomass, at lower temperatures the HHVs for these
char samples have energy content between 18 and 20 MJ/kg. In
the case of Chlorella sp., above 250 �C lower HHVs were observed
as most of the energy dense compounds were converted into other
product fractions. Similar observations were recorded with bio-
char samples obtained above 275 �C with Nannochloropsis sp. The
energy recovery from the biomass was calculated based on the
HHVs measured.

Energy recovery (%) was calculated based on HHVs of biocrude
oil, bio-char and feed biomass. The highest energy recovery of 78%
was achieved with Nannochloropsis sp. at 300 �C. Above 70% of
energy recovery was attained at all temperatures except at
330 �C due to gasification of biomass, reduced contribution of bio-
crude oil and bio-char. In the case of Chlorella sp., only 61.3% of the
energy was recovered at 200 �C and the energy recovery was
decreased with increase in temperature. Reasons for lower energy
recoveries for Chlorella biomass were lower lipid based energy, and
more gasification. The ECR numbers shows that most of the exper-
imental runs are energy positive except very few even only with
biocrude oil as the product. When heat recovery is employed the
energy consumption is much reduced making HTL as an attractive
option for biofuel production. The lowest energy consuming tem-
perature or ECR (0.41 for Nannochloropsis sp., and 0.54 for Chlorella
sp.) is observed at 300 �C for both strains of biomass due to highest
production of biocrude oil at that temperature.

3.5. Sequential HTL (SE-HTL) and byproducts

To investigate the possibility of an algal biorefinery, we have
conducted sequential HTL runs with bio-char of Nannochloropsis
sp. obtained at 225 �C. Triplicate experiments at 300 �C with D.I
water as media were conducted. The results showed a slight
decrease in cumulative biocrude yield (25.6 (225 �C) + 16.52 (SE
HTL – 300 �C) = 42.12%. The HHV of the biocrude oil was found to
be 39.14 ± 0.66 MJ/kg. This decrease in yield of biocrude oil was
due to separation of water soluble compounds at 225 �C. Because
of the separation of nitrogen in the water phase at lower temper-
atures may have resulted in improved HHV of the biocrude [18].
These experimental results indicate the possibility of separating
nutrients, valuable water soluble organic compounds, preservation
Nannochloropsis sp., and (b) Chlorella sp.



Table 2
Higher heating values and energy calculations.

Temperature (�C) 180 200 225 250 275 300 330

Nannochloropsis sp. Biocrude oil
Avg. 37.92 39.19 38.06 36.76 36.83 34.60 37.37
S.D 1.07 0.92 0.31 1.33 0.88 0.00 1.03
Bio-char
Avg. 19.21 18.50 18.55 21.17 17.97 13.65 12.54
S.D 0.69 0.62 0.75 1.13 1.41 0.36 2.87
Energy recovery (%) 71.99 73.18 74.14 76.36 72.20 78.39 65.25
ECR (w/o heat recovery) 1.15 0.98 0.93 1.08 1.09 0.73 0.93
ECR (with heat recovery) 0.68 0.57 0.53 0.61 0.61 0.41 0.51

Chlorella sp. Biocrude oil
Avg. 36.45 37.30 37.38 36.13 34.37 37.74 36.78
S.D 1.01 0.44 0.66 0.44 0.85 0.17 0.49
Bio-char
Avg. 19.82 21.23 20.73 12.69 13.63 8.62 12.05
S.D 1.70 1.33 1.66 1.13 0.62 1.25 2.34
Energy recovery (%) 59.3 61.3 57.5 53.7 55.7 56.8 53.9
ECR (w/o heat recovery) 2.23 1.77 1.23 1.00 0.99 0.98 1.17
ECR (with heat recovery) 1.32 1.03 0.70 0.57 0.55 0.54 0.65
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of temperature sensitive compounds at lower temperatures, and
conversion of remaining biomass into biocrude oil. Similarly, the
bio-char obtained from Chlorella sp. processed at 200 �C contains
high amounts of crude protein. This high protein content makes
it a good animal feed source or the recoverable protein can be
extracted for commercial human food applications as per demand.
The bio-char can also be fired along with coal in power generation
because of its higher calorific values. The gasification of the bio-
char could be used to make syngas, which can be further converted
into valuable industrial chemical products [37]. Other possible
applications for bio-char are water purification [38] and soil reme-
diation [39]. It has been reported that the production of biogas
through anaerobic digestion of lipid extracted algae after lipid
extraction could reduce the energy consumption from 56.9 MJ/kg
to 46.0 MJ/kg to produce 1 kg biodiesel [27]. The utilization of this
char for other energy byproducts development produces more
energy and provides more alternatives for the algal biofuels sus-
tainability. But, the final path of processing strategies and product
identification could only be possible after extensive life cycle and
techno economic assessments for individual strains of biomass.
4. Conclusions

Hydrothermal extraction and liquefaction experiments were
conducted with two strains of algal biomass having different bio-
chemical composition. The experimental results indicate that bio-
crude oil could be produced from proteins and carbohydrates
along with lipid content present in the biomass. The highest bio-
crude oil yield of 47.5% was observed at 300 �C for Nannochloropsis
sp. and 32.5% for Chlorella sp. at 275 �C. The HHV of biocrude oil
ranged between 34 and 39MJ/kg. The bio-char also has 8–21 MJ/kg
of HHV depending upon the processing temperature. The analysis
of the water fraction shows the recovery of valuable nutrients like
NH3–N and PO4

3�, which reduces nutrient costs in cultivation. The
water soluble compounds like amino acids, sugars, sugar alcohols,
and glycerol provide possible profitable byproducts. The SE-HTL
experiments show the possibility of an algal biorefinery with
hydrothermal extraction and liquefaction methods to produce
fuels, valuable nutrients for humans and algae as byproducts.
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Appendix A. Supplementary material

TGA plots of biocrude oil produced at different temperatures are
shown in Fig. S1. The distillation curves of diesel, biocrude oils pro-
duced at 300 �C, and ural crude oil are shown in Fig. S2. The amino
acid concentrations in residual water are presented in Tables S1
and S2. The relative abundance plots of carbohydrates and other
organic compounds in residual water phase of Nannochloropsis
sp. and Chlorella sp. are shown in Tables S3 and S4 in the supple-
mentary information, respectively. The recorded pressures at each
experimental run were presented in supplementary information
Table S5. Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apen-
ergy.2015.11.067.
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